The aim of the current research was to study the radiation shielding properties of polyurethane-based shielding materials filled with B 4 C, BeO, WO 3 , ZnO, and Gd 2 O 3 particles against fast neutrons. The macroscopic cross sections of composites containing micro-and nanoparticles with a diameter of 10 µm and 50 nm were calculated using MCNPX (2.6.0) Monte Carlo code. The results showed that adding nano-scaled fillers to polyurethane matrix increases attenuation properties of neutron shields compared to micro-scaled fillers for intermediate and fast neutrons. Among the studied composites, WO 3 and Gd 2 O 3 nano-composites presented higher neutron cross section compared to others.
Introduction
The application of ionizing radiation in industry and medicine has increased due to their potential benefits in different aspects of human life. However, the hazardous effects of ionizing radiation had been the main disadvantage for their medical and industrial utilizations. In accordance with the development of new techniques using ionizing radiation, the investigations on novel shielding materials such as concretes and flexible low weight materials have been conducted in recent years [1] [2] [3] [4] [5] .
In recent years, the advent of nanoparticles as new materials in radiation shielding resulted in significant progress in fabrication of nano-based shields for photons and neutrons [1, 2, [6] [7] [8] . The majority of the investigations indicated that the nanoparticles improved attenuation coefficients of composites. Also, it was shown that photon and neutron energy, nanoparticle concentration and size of nanoparticles were effective parameters in the efficiency of nanoparticle-based shielding materials [9] [10] [11] . Several studies were investigated the effect of nano-materials on shielding properties of glasses [12, 13] . Some of them also examined the attenuation effect of nanomaterials in concretes and bricks as shielding used in radiation therapy facilities [7, 10] . And finally several reports in the literature can be found concerning the shielding effect of flexible nano-and microparticles-based sheets used in diagnostic radiology [6, 8, 14] .
There is a wide range of materials that were investigated as nano-and microparticles fillers in the fabrication of new shielding materials for photon and neutron beams [11] . In the current study, several nano-and microparticles including B 4 C, BeO, WO 3 , ZnO, and Gd 2 O 3 as potential candidates to make more efficient neutron attenuators were investigated by Monte Carlo method. The purpose was to provide comparative information on their neutron attenuating properties in the same simulation geometry and neutron energy.
Methods and Materials

Monte Carlo simulations
In the current study, we used MCNPX (2.6.0) MC code for simulation of neutron shields and calculation of macroscopic cross section of fast neutrons with designed shielding materials [15] . The simulation geometry consisted of a surface source of neutron with a radius of 3 mm, two cylinders made of lead with radius of 20 cm and length of 10 cm. A hole with radius of 5 mm and length of 5 cm was designed in each cylinder to provide location for the neutron source. The schematic representation of geometry is shown in Figure 1 . These two cylinders made of lead were used as absorbers of scattered neutrons as well as collimators to provide the conditions for narrow beam geometry for attenuation measurements. The polyurethane-based composite with thickness of 5 cm width of 10 cm and length of 10 cm was located between neutron source and detector cell. The dimensions were derived from experimental setup but were configured for MC simulations. The importance of collimators for neutrons was set to 0.05 to reduce the running time for MC simulations. Also, to reduce MC run-time the importance of photon was considered zero and by this way no photon was generated by interaction of neutrons with other materials. No other variance reduction method was used in all the simulations. The distance between neutron source and detector cell was 50 cm. The detector cell was modeled as small cylindrical cell with radius of 5 mm and length of 5 cm. Thus, to score neutrons entering the detector cell, the F4 tally was used for scoring the flux of neutrons entering the detector cell. This tally calculates the particle flux in terms of particles per cm 2 per initial source particle. The statistical errors of MC results were less than 1% on average for all simulations. For MC simulations, the number of primary neutrons differed for different samples and approximately 10 7 -10 8 neutrons were simulated using a personal desktop computer. The shielding material was a polyurethane matrix that was filled with different absorbing materials and various concentrations. The polyurethane matrix was selected for its easiness of fabrication and better mechanical and thermal properties. For MC simulation of composites, a polyurethane matrix with elemental composition of C 27 H 36 N 2 O 10 and density of 0.96 g/cm 3 was used. The filler materials including Boron carbide, 10 B 4 C (density = 2.52 g/cm 3 ), beryllium oxide, BeO (density of 3.02 g/cm 3 ), Tungsten trioxide, WO 3 (7.16 g/cm 3 ), zinc oxide, ZnO (5.61 g/cm 3 ) and Gadolinium oxide Gd 2 O 3 (7.41 g/cm 3 ) were studied. Moreover, several concentrations of the above-mentioned materials including weight percentage (wt%) of 4.8, 9, 23, 37.5 were simulated. According to our experimental work the fabrication of samples with maximum concentration of 30 wt% of filler was feasible. However, the selection of studied concentrations was influenced by obtaining enough data and limitations existed in definition of different nano-sized materials in lattice card of MCNPX code. A monoenergetic parallel neutron beam with energies of 0.1, 0.3, 0.5, 1, 3, and 5 MeV was used for calculations. The criteria for energy selection were to analyze the shielding properties of our composites against the neutrons which were produced in medical linear accelerators in photon mode.
For a simulation of micro-and nanoparticles in MCNPX code, the Lattice and Universe cards were utilized. The shielding material was divided into small cells with variable dimensions in terms of µm and nm for micro and nanoparticle simulations. The size of these cells varied based on the studied concentrations of filler materials. Then each cell was filled with a sphere with diameter of 10 µm and 50 nm for micro and nanoparticle simulations respectively. The geometry was shown in Figure 2 . For instance to provide 9% concentration of B 4 C with a diameter of 50 nm in a polyurethane matrix, the dimension of cubic lattice cells was 0.002913 cm and a total number of nanoparticles in a shield with dimension of 3×4×4 cm reached 1.945×10 9 . The neutron transmission for shielding materials with thickness of 3 cm was calculated using MC method. The selection of sample thickness was based on an approximate thickness of a shielding material that can cover the head of medical linear accelerator. The macroscopic cross sections of samples were obtained based on calculated transmission in two cases of with and without the sample using the following formula:
where I 0 denotes the number of counted neutrons without the presence of absorber, I represents the number of counted neutrons that pass through a thickness (x) of a shielding material without undergoing any type of scattering or capture interaction. Also, Ʃ denotes the macroscopic cross section (cm -1 ) which is defined as the probability of neutron interaction occurring per unit length of neutron travel through the shielding material. The mass macroscopic cross section of the sample can be calculated by dividing macroscopic cross section by the mass density of a composite and is expressed in terms of cm 2 /g (see Tables 1-6 ). 
Results and Discussion
The comparison of neutron mass macroscopic cross section for micro and nano-based shields at different energies have been shown in Tables 1-6 . For all composites, mass macroscopic cross sections were reduced with an increase in neutron energy. Nano-composites showed a higher attenuation effect relative to micro-composites depending on the filler concentration. In other words, for higher filler's concentration, the attenuation caused by a nano-filler was remarkably higher than its microfiller counterpart. between nano and micro composites for all samples were between 25% and 49%. It was seen at the energy of 0.1 MeV and concentration of 37.5 wt% of fillers for all samples. It can be seen that the difference between nano and microparticles was dependent on neutron energy, concentration of nanoparticles and filler type. In Figure 3 , the mass effective macroscopic cross section (cm -2 /g) was depicted for all studied samples. As can be seen, the shielding property of nanoparticle loaded samples was higher than microparticle-loaded samples. This superiority is increased with decreasing energy of neutrons from 5 MeV to 0.1 MeV. The maximum difference between nano-and microsamples was about 49% for concentration of 0.375% and was found for WO 3 sample at the neutron energy of 0.1 MeV.
In Figure 4 , the percentage of attenuation increase from nano-scaled sample to micro-scaled samples are shown for six studied shielding materials. As it was clearly shown that the magnitude of this increase was reduced by increasing the neutron energy from 0.1 to 5 MeV. However, the slope of this reduction was milder for WO 3 and Fe 3 O 4 loaded samples compared to the other studied samples.
In Figure 5 the percentage of increase in attenuation from micro to nanoscale has been depicted for samples with 37.5% wt of filler. Generally, this factor increases with increasing the density of fillers. For neutron energy of 0.3 MeV, WO 3 and Gd 2 O 3 and ZnO nanoparticles have higher increase compared to others. For other energies 1 and 5 MeV, the superiority of WO 3 remains and small variations are seen between Gd 2 O 3 and ZnO nanoparticles.
Considering the size effect of fillers, the results of the current study were similar to the finding of Adeli et al on thermal neutrons and shielding properties of B 4 C/epoxy composite [9] . They showed that thermal neutron absorption was completely dependent on the size of the boron compound filler and addition of WO 3 increased the thermal neutron attenuation. However, it should be reminded here that in contrast to their experiments, we used fast neutrons and also the micro and nano-materials including WO3 and B4C/epoxy were evaluated separately as shielding sheets. Our results were consistent with the findings of Mesbahi et al who reported a higher attenuation for nano-filler compared to micro-sized fillers. They examined the shielding effect of doping ordinary concrete with PbO 2 , Fe 2 O 3 , WO 3 and H 4 B micro-and nanoparticle against fast neutrons [7] . The concrete doped with nanoparticles showed about 7% higher attenuation relative to microparticles.
The superiority of nanoparticles to microparticles is mainly attributed to the higher surface to volume ratio for nanoparticles compared to microparticles which increase the probability of interactions between neutrons and nanoparticles. Also, more homogenous composites can be made from nanoparticles compared to micro-fillers. This phenomenon is identical for both photons and neutrons and it has been reported in the previous studies [9] [10] [11] 14, [16] [17] [18] [19] [20] [21] . However, it should be reminded here that most of the studies have been conducted on photon beams and a few reports have examined the neutron beam attenuation by nanoparticles. Thus, there were not many comparable results to be discussed here. 
Conclusion
In the current study, a comparative study was performed on several materials with a high attenuation effect on fast neutrons. It was found that nanoparticles of WO 3 and Gd 2 O 3 and ZnO can be used as high neutron attenuating materials in fabrication of new shields for fast neutrons in a range of 0.1-5 MeV. Performing experimental studies based on the finding of the current study is recommended. Moreover, new investigations can be conducted on the fabrication of new composites made of a mixture of these nanomaterials.
